Despite the importance of glacial lake development in ice dynamics and glacier thinning, in situ and satellite-based 13 measurements from lake-terminating glaciers are sparse in the Bhutan Himalaya, where a number of proglacial lakes exist. We 14 acquired in situ and satellite-based observations across lake-and land-terminating debris-covered glaciers in the Lunana region, 15
Introduction 26
The spatially heterogeneous shrinkage of Himalayan glaciers has been revealed by in situ measurements (Yao et al., 2012; 27 Azam et al., 2018), satellite-based observations (Bolch et al., 2012; Kääb et al., 2012; Brun et al., 2017) , mass balance and 28 climate models (Fujita and Nuimura, 2011; Mölg et al., 2014) , and a compilation of multiple methods (Cogley, 2016) . Glaciers 29 in Bhutan in the southeastern Himalayas have experienced significant shrinkage and thinning over the past four decades. For 30 example, the glacier area loss in Bhutan was 13.3 ± 0.1% between 1990 and 2010, based on repeated decadal glacier inventories 31
year to avoid the scan line corrector-off gaps. Glacial lakes were manually delineated on false colour composite images (bands 162 3-5, 30 m spatial resolution). Following previous delineation methods (e.g., Bajracharya et al., 2014; Nuimura et al., 2015; 163 Nagai et al., 2016) , marginal ponds in contact with bedrock/moraine ridge were included in the glacial lake area, whereas small 164 supraglacial ponds surrounded by ice were excluded. The accuracy of the outline mapping is equivalent to the image resolution 165 (30 m). The coregistration error in the repeated images was ±30 m, based on visual inspection of the horizontal shift of a stable 166 bedrock and lateral moraines on the coregistered imagery. The user-induced error was estimated to be 5% of the lake area 167 delineated from the Landsat images (Paul et al., 2013) . The total errors of the analysed areas were less than ±0.14 and ±0.08 168 km 2 for Thorthormi and Lugge glaciers, respectively. 169
Mass balance of the debris-covered surface 170
SMB is an essential component of ice thickness change, but no in situ SMB data are available in the Lunana region. Therefore, 171 the spatial distributions of the SMB on the debris-covered Thorthormi and Lugge glaciers were computed with a heat and mass 172 balance model, which quantifies the spatial distribution of the mean SMB for each glacier. where ℎ + and are debris thickness (m) and thermal conductivity (W m −1 K −1 ), respectively. This method has been applied to 181 reproduce debris thickness and SMB in southeastern Tibet (Zhang et al., 2011) and glacier runoff in the Nepal Himalaya (Fujita 182 and Sakai, 2014) . Assuming no changes in heat storage, the linear temperature profiles within the debris layer and the melting 183 point temperature at the ice-debris interface ( . , 0°C), the conductive heat flux through the debris layer ( + , W m -2 ) and the 184 heat balance at the debris surface are described as follows: where + is the debris surface albedo, :+ , <+ and <= are the downward shortwave radiation, and downward and upward 189 longwave radiation, respectively (positive sign, W m −2 ), and : and < are the sensible and latent heat fluxes (W m −2 ), 190 respectively, which are positive when the fluxes are directed toward the ground. Both turbulent fluxes were ignored in the 191 original method to obtain the thermal resistance, based on a sensitivity analysis and field measurements (Suzuki et al., 2007a). 7 the sensible heat can result in an underestimation of the thermal resistance (e.g., Reid and Brock, 2010 Kanamitsu et al., 2002) , we calculated the distribution of mean thermal 196 resistance on the two target glaciers. The surface albedo is calculated using three visible near-infrared sensors (bands 1-3), 197 and the surface temperature is obtained from an average of five thermal infrared sensors (bands 10-14). Automatic weather 198 station (AWS) observations from the terminal moraine of Lugge Glacial Lake (4524 m a.s.l., Fig. 1a ) showed that the annual 199 mean air temperature was ~0°C during 2002-2004, and the annual precipitation was 900 mm in 2003 (Suzuki et al., 2007b . 200
The air temperature at the AWS elevation was estimated using the pressure level atmospheric temperature and geopotential 201 height (Sakai et al., 2015) , and then modified for each 90 × 90 m mesh grid points using a single temperature lapse rate 202 (0.006°C km −1 ). The wind speed was assumed to be 2.0 m ds −1 , which is the two-year average of the 2002-2004 AWS record 203 (Suzuki et al., 2007b) . The uncertainties in the thermal resistance and albedo were evaluated as 107 and 40%, respectively, by 204 taking the standard deviations calculated from multiple images at the same location ( Fig. S2 ). 205
The SMB of the debris-covered ablation area was calculated by a heat and mass balance model that included debris-206 covered effects (Fujita and Sakai, 2014) . First, the surface temperature is determined to satisfy Eq. (2) using the estimated 207 thermal resistance and an iterative calculation, and then, if the heat flux toward the ice-debris interface is positive, the daily 208 amount of ice melt beneath the debris mantle ( + , kg m −2 d −1 ) is obtained as follows: 209
where F is the length of a day in seconds (86400 s) and H is the latent heat of fusion of ice (3.33 × 10 5 J kg -1 ). The annual 213 mass balance of the debris-covered part ( , m w.e. a -1 ) is expressed as: 214
where V is the water density (1000 kg m −3 ), : and N represent snow and rain precipitation, respectively, and + and : are 218 the daily discharge from the debris and snow surfaces, respectively. The precipitation phase is temperature dependent, with 219 the probability of solid/liquid precipitation varying linearly between 0 (100% snow) and 4°C (100% rain) (Fujita and Ageta, 220 2000) . Evaporation from the debris and snow surfaces is expressed in the same formula (not shown) but they are calculated in 221 different schemes because the temperature and saturation conditions of the debris and snow surfaces are different. Discharge 222 and evaporation from the snow surface were only calculated when a snow layer covered the debris surface. Since there is no 223 snow layer present at either the end of the melting season in the current climate condition or at the elevation of the debris-224 covered area, snow accumulation ( : ) is compensated with evaporation and discharge from the snow surface during a 225 calculation year. + is expressed as follow: The sensitivity of the simulated meltwater was evaluated against the meteorological parameters used in the SMB model. 243
We chose meltwater instead of SMB to quantify the uncertainty because the SMB uncertainty cannot be expressed as a 244 percentage. The tested parameters are surface albedo, air temperature, precipitation, relative humidity, solar radiation, thermal 245 resistance and wind speed. The thermal resistance and albedo uncertainties were based on the standard deviations derived from 246 the eight ASTER images used to estimate these parameters ( Fig. S2 ). Each meteorological variable uncertainty, with the 247 exceptions of the thermal resistance and albedo uncertainties, was assumed to be the root mean square error (RMSE) of the 248 ERA-Interim reanalysis data against the observational data ( Fig. S3 ). The simulated meltwater uncertainty was estimated as 249 the variation in meltwater within a possible parameter range via a quadratic sum of the results from each meteorological 250 parameter. 251
Ice dynamics 252

Model descriptions 253
To investigate the dynamically induced ice thickness change, numerical experiments were carried out by applying a two-254 dimensional ice flow model to the longitudinal cross sections of Thorthormi and Lugge glaciers. The aim of the experiments 255 was to investigate whether the ice thickness changes observed at the glaciers were affected by the presence of proglacial lakes.
9
The model was developed for a land-terminating glacier (Sugiyama et al., 2003 (Sugiyama et al., , 2014 , and is applied to a lake-terminating 257 glacier in this study. Taking the and coordinates in the along flow and vertical directions, the momentum and mass The rate factor ( , MPa -3 a -1 ) and flow law exponent ( ) are material parameters. We used the commonly accepted value of 281 = 3 for the flow law exponent and employed a rate factor of = 75 MPa -3 a -1 , which was previously used to model a temperate 282 valley glacier (Gudmundsson, 1999) . We assumed the glaciers were temperate. This assumption was based on a measured The glacier surface was assumed to be stress free, and the ice flux through the up-glacier model boundary was prescribed 304 from the surface velocity field obtained via the satellite analysis. We applied a fourth-order function for the velocity profile 305 from the surface to the bed. The basal sliding velocity ( T ) was given as a linear function of the basal shear traction ( fh,T ): 306 307 T = ( ) fh,T (12) 308 309 where is the sliding coefficient. We used spatially variable sliding coefficients, which were obtained by minimising the 310 RMSE between the modelled and measured surface flow velocities within 0-4300 and 500-1900 m of the termini of 311
Thorthormi and Lugge glaciers, respectively ( Fig. S5 ). 312
Experimental configurations 313
To quantify the effect of glacier dynamics on ice thickness change, we performed two experiments for Thorthormi and Lugge 314 glaciers. Experiment 1 was performed to compute the ice flow velocity fields under the present terminus conditions. In this 315 experiment, Thorthormi Glacier was treated as a land-terminating glacier with no horizontal ice motion at the glacier front, 316
whereas Lugge Glacier was treated as a lake-terminating glacier by applying hydrostatic pressure at the front as a function of 317 water depth. A stress-free boundary condition was given to the calving front above the lake level. We used the 2001 glacier depth was acquired during a bathymetry survey in September 2011 (red cross in Fig. 1a ). The surface level of the proglacial 322 lake was assumed to be 4432 m a.s.l., which is the mean surface level of the supraglacial ponds measured in September 2004 323 (Fujita et al., 2008) . Hydrostatic pressure and stress-free conditions were applied to the lower boundary below and above the 324 lake level, respectively. For Lugge Glacier, we simulated a lake-free situation, with ice flowing to the contemporary terminal 325 moraine, so that the glacier terminates on land. Bedrock topography is derived from the bathymetric map (white lines in Fig.  326 1b, Yamada et al., 2004). The surface topography is linearly extrapolated from the surface elevations at the calving front in 327 2002, with the ice thickness reduced to a negligibly small value at the glacier front. In the experiment, we used 444 and 684 328 elements for Thorthormi and Lugge glaciers, respectively. 329
Emergence velocity 330
To compare the influence of ice dynamics on glacier thickness change in lake-and land-terminating glaciers, we calculated 331 the emergence velocity ( S ) as follows: (Table 1) . These rates show large variability within the limited elevation band (4410-4450 m a.s.l., Fig. 2b ). No clear trend is 342 observed at 1000-3000 m from the terminus (Fig. 2c) . The rates for Lugge Glacier range from −9.13 to −1.30 m a −1 , with a 343 mean rate of −4.67 m a −1 (Table 1) . The most negative values (−9 m a −1 ) are found at the lower glacier elevations (4560 m 344 a.s.l., Fig. 2b) , which corresponds to 1300 m from the 2002 terminus position (Fig. 2c) . The RMSE between the surveyed 345 positions (five measurements in total, with one or two measurements for each benchmark) is 0.21 m in the horizontal direction. the flow velocities decrease down-glacier, ranging from ~110 m a −1 at the foot of the icefall to <10 m a −1 at the terminus (Fig.  354   3a) . The flow velocities of Lugge Glacier increase down-glacier, ranging from 20-60 to 50-80 m a −1 within 2000 m of the 355 calving front (Fig. 3b) . The flow velocity uncertainty was estimated to be ±12.1 m a −1 , as given by the mean off-glacier 356 displacement from 3 February 2006 to 30 January 2007 (362 days) ( Fig. S10 ). If these flow speeds were solely attributed to 357 ice deformation with a frozen bed assumption, ice thickness of the glaciers would be 300 to 800 m, which are much greater 358 than the bathymetry records (~100 m), supporting the temperate glacier assumption. 359
Changes in glacial lake area 360
The supraglacial pond area near the front of Thorthormi Glacier progressively increased from 2000 to 2011, at a mean rate of 361 0.09 km 2 a −1 , and Lugge Glacial Lake also expanded from 2000 to 2011, at a mean rate of 0.03 km 2 a −1 (Fig. 4) . The total area 362 changes from 2000 to 2011 were 1.79 km 2 and 0.46 km 2 for Thorthormi and Lugge glaciers, respectively. 363
Surface mass balance 364
The simulated mean SMBs over the ablation area were −7.36 ± 2.92 m w.e. a −1 for Thorthormi Glacier and −5.25 ± 2.41 m 365 w.e. a −1 for Lugge Glacier (Fig. 1c , Table 1 ). The SMB distribution correlates well with the thermal resistance distribution 366 ( Fig. S11) , with the larger thermal resistance areas suggesting a thicker debris, which results in a reduced SMB. The debris-367 free surface has a more negative SMB than the debris-covered regions of the glaciers. The mean SMBs of the debris-free and 368 debris-covered surfaces in the ablation area of Thorthormi Glacier are −9.31 ± 3.08 and −7.30 ± 2.96 m w.e. a −1 , respectively, 369 while those of Lugge Glacier are −7.33 ± 2.67 and −5.41 ± 2.53 m w.e. a −1 , respectively ( Table 1 ). The sensitivity of simulated 370 meltwater in the SMB model was evaluated as a function of the RMSE of each meteorological variable across the debris-371 covered area (Figs. S12 and S13). Ice melting is more sensitive to solar radiation and thermal resistance. The influence of 372 thermal resistance on meltwater formation is considered to be small since the debris cover is thin over the glaciers. The 373 meltwater uncertainty is estimated to be <50% across most of Thorthormi and Lugge glaciers. 374
Numerical experiments of ice dynamics 375
The ice thinning of Lugge Glacier was three times faster than that of Thorthormi Glacier. However, the mean SMB was 1.4 376 times more negative at Thorthormi Glacier, suggesting a substantial influence of glacier dynamics on ice thickness change. To 377 quantify the contribution of ice dynamics to the ice thickness change, we performed numerical experiments with the present 378 (Experiment 1) and reversed (Experiment 2) glacier geometries.
surface across most of the modelled region (Fig. 5c) . In contrast to the down-glacier decrease in the flow velocities at 385
Thorthormi Glacier, the computed velocities of Lugge Glacier are <60 m a −1 within 1000-1900 m of the terminus, and then 386 increase to 90 m a −1 at the calving front (Fig. 5f ). Ice flow is nearly parallel or slightly downward relative to the glacier surface 387 (Fig. 5d ). The modelled surface flow velocities are in good agreement with the satellite-derived flow velocities within 0-4300 388 m of the terminus of Thorthormi Glacier (Fig. 5e ). The calculated surface flow velocities of Lugge Glacier agree with the 389 satellite-derived flow velocities to ±12% within 500-1900 m (Fig. 5f) . 
Simulated surface flow velocity uncertainty 399
Basal sliding accounts for 90% and 91% of the simulated surface flow velocities in the ablation areas of Thorthormi and Lugge 400 glaciers, respectively ( Figs. 5e and 5f ), suggesting that ice deformation plays a minor role in ice dynamics. The standard 401 deviations of the ASTER-derived surface flow velocities are 2.9 and 6.7 m a −1 for Thorthormi and Lugge glaciers, respectively, 402 which are considered to be the interannual variabilities in the measured surface flow velocities (Fig. 3) . We performed 403 sensitivity tests of the modelled surface flow velocities by changing the ice thickness and sliding coefficient by ±30%. The 404 results show that the simulated surface flow velocity of Thorthormi Glacier varies by 33% and 51% when the sliding coefficient 405 ( ) and ice thickness are varied by ±30%, respectively (Fig. S14) . For Lugge Glacier, the simulated flow velocity varies by 406 41% and 39% when the sliding coefficient and ice thickness are varied by ±30%, respectively. The mean uncertainty of the 407 simulated surface flow velocity is 7.0 and 6.9 m a −1 for Thorthormi and Lugge glaciers, respectively. surface flow velocities from Experiment 1, the emergence velocity of Thorthormi Glacier was 4.65 ± 0.30 m a −1 within 4300 416 m of the terminus (Fig. 7a) . Conversely, the emergence velocity of Lugge Glacier was −4.41 ± 0.52 m a −1 within 500-1900 m 417 of the terminus (Fig. 7a) . 418
The emergence velocity computed under reversed terminus conditions (Experiment 2) varies from that with the present 419 geometries (Experiment 1) for both Thorthormi and Lugge glaciers (Fig. 8) . For the lake-terminating condition of Thorthormi 420
If the lake level is close to the ice flotation level, where the basal water pressure equals the ice overburden pressure, calving 474 caused by ice flotation regulates the glacier front position (van der Veen, 1996), and the glacier could rapidly retreat (e.g., and also suggest that its smaller ice flux cannot counterbalance the ongoing ice thinning. 480
After progressive mass loss since 2000, the front of Thorthormi Glacier detached from the terminal moraine and retreated 481 further from November 2010 to December 2011 (Fig. 4a ). The glacier ice was still in contact with the moraine during the field 482 campaign in September 2011, but the glacier was completely detached from the moraine on the 2 December 2011 Landsat 7 483 image. Satellite images taken after 2 December 2011 show a large number of icebergs floating in the lake, suggesting rapid 484 calving due to ice flotation. A numerical study suggested that lake water currents driven by valley winds over the lake surface 485 could enhance thermal undercutting and calving when a proglacial lake expands to a certain longitudinal length (Sakai et al., 486 2009 ). A previous study estimated that the overdeepening of Thorthormi Glacier extends for >3000 m from the terminal 487 moraine (Linsbauer et al., 2016), which suggests that continued glacier thinning will lead to rapid retreat of the entire section 488 of the terminus as the ice thickness reaches flotation. 489 Experiment 2 simulates a significant increase in surface flow velocity at the lower part of Thorthormi Glacier when a 490 proglacial lake forms (Fig. 6e ). Previous studies reported the speed up and rapid retreat of glaciers after detachment from a 491 terminal ridge or bedrock bump (e.g., Boyce et al., 2007; Sakakibara and Sugiyama, 2014; Trüssel et al., 2015) . In addition to 492 the reduction in back stress, thinning itself decreases the effective pressure, which enhances basal ice motion and increases the 493 flow velocity (Sugiyama et al., 2011) . A decrease in the effective pressure also reduces the shear strength of the water-saturated 494 till layer beneath the glacier (Cuffey and Paterson, 2010), though little information is available on subglacial sedimentation in 495 the Himalayas. Acceleration near the terminus results in ice thinning and a decrease in effective pressure, which in turn leads 496 to further acceleration of glacier flow (e.g., Benn et al., 2007b). While no clear acceleration was observed at the calving front 497 of the glacier during 2002-2011 ( Fig. 3a) , it is likely that the thinning and retreat of Thorthormi Glacier will accelerate in the 498 near future due to the formation and expansion of the proglacial lake. Yamada, T., Naito, N., Kohshima, S., Fushimi, H., Nakazawa, F., Segawa, T., Uetake, J., Suzuki, R., Sato, N., Karma, Chhetri, 730 
